INTRODUCTION
From a non-destructive evaluation point of view, Lamb waves are a highly attractive means of inspecting a large area of a structure from a single location. InterdigitaI transducers (IDTs) which make use of the piezoelectric properties of the polymer PVDF have been used previously in signal processing applications [1] to generate acoustic waves in piezoelectric substrates. Over the last two years, work has been carried out at Imperial College [2, 3] to design PVDF IDTs that are capable of transmitting and receiving ultrasonic Lamb waves in non-piezoelectric plates for non-destructive testing purposes. Such transducers can be permanently bonded to a structure and hence have potential uses in smart structure applications. A schematic diagram of a simple PVDF IDT is shown in Figure I . The wavelength and frequency of a single Lamb wave mode in the structure are selected by the spacing of the fingers in the IDT and the frequency at which the IDT is excited. Further details of their construction can be found in [2] .
For an IDT, different patterns of fingers can be devised for different spatial performance over the area of the structure the IDT is monitoring. In this manner, IDTs can be designed to create, for example, divergent or convergent (focused) acoustic fields. In a practical testing application, it is necessary to be able to predict the acoustic field which a particular IDT generates in the structure to which it is attached, in order to understand what region of that structure is being inspected. Exact analytical methods [4] may be used in
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[1'/ Electrodes -so.,m thick copper simple cases but their extension to arbitrary transducer configurations is cumbersome. Approximate analytical methods based on normal mode theory (see [I] for example) have been used in the design of surface acoustic wave devices and the suitability of these methods for use as an alternative design tool for the IDTs considered here is still being investigated. Time marching finite element (FE) techniques have been used by the authors to model the excitation of a plate by a number of line sources to represent an IDT, and good agreement with experimental results was obtained. However, a three dimensional FE model is required; this is exceedingly time consuming (typically taking 2-3 days to run a single case) and hence not suitable as a design tool. The aim of the Huygens' model described in this paper was to create a useable design tool for lOTs which offered the same accuracy as the FE method but which could generate accurate results in minutes rather than days.
THEORY
The implementation of Huygens' principle is very straightforward: firstly, the acoustic field due to a single point source acting on the surface of the structure is calculated. Secondly, the area over which the lOT fingers act on the surface of the structure is divided into elements, each element then being modelled as a point source. The total acoustic field due to the lOT is the superpositon of the fields from the point sources. The problem is complicated by the fact that more than one Lamb wave mode will be excited and that Lamb wave modes are generally dispersive. As will be shown, both these factors are fully accounted for in the Huygens' model.
Before proceeding, it is necessary to define the terms acoustic field and point source which are being used here. The acoustic field could refer to any quantity which provides a spatial measure of the intensity of the ultrasonic waves generated by the lOT. However, for Huygens' principle to be used, it must be a quantity for which the superposition principle is valid. Also, for experimental validation, the acoustic field must be a physically measurable quantity. With these considerations in mind, the acoustic field is taken as being the normal (i.e. out of plane) displacement at the surface of the plate.
The PVDF IDTs being modelled here generate primarily normal stresses on one surface of the structure to which they are bonded. Hence, a small area of the IDT is modelled as a single force applied perpendicular to the surface of the structure. The force is applied at the geometrical centre of the area which it represents. Such a force will be referred to as a point source.
Acoustic Field in a Plate Due to a Point Source Figure 2 shows a cross section through an isotropic plate in vacuum, on the surface of which, a point source is exciting circular crested waves. It is necessary to predict the normal surface displacement associated with these waves. The two dimensional case of Lamb wave excitation in a plate in a state of plane strain was analysed by Viktorov [5] . The analogous axi-symmetric problem is very similar and was analysed by Ditri et al [6] . The following equation describes the normal surface displacement w at a distance r from the centre of a harmonic circular piston source (i.e. a circular area of radius a on one surface of the plate over which the stress aoexp(iOJt) is applied):
where J1 is the Lame constant for the plate material. The summation sign indicates that the solution is a superposition of various amounts of all the modal solutions which exist at the excitation frequency OJ, these each having some wavenumber k. The dispersion curve prediction software Disperse [7] can be used to find wavenumber-frequency (0.>, k) pairs which satisfy the two dimensional plane strain conditions for straight crested Lamb waves propagating in a plate. It can be shown that these solution pairs are also valid in the axisymmetric case except that the spatial variation of each mode is given by the Hankel function Htl(kr) in the axi-symmetric case rather than exp(kr) in the two dimensional case. In the axi-symmetric case, the physical wavelength of the waves and their phase velocity increases in the region very close to the source, but this effect is of little importance in this application. The term G(k) gives the contribution of each mode to the total displacement; the somewhat cumbersome algebraic expression for G(k) may be found in [6] . The term aJ,(ka)1k refers to the additional effect of the piston source geometry on the contributions of the various modes. For the Huygens' problem the limiting case of a point source applying a finite force Fexp(iOJt) is taken by setting na 2 a=F and allowing a~. In this case Equation 1
may be written as: (2) E(k) being termed the excitability of each mode. Figure 3(a) shows the phase velocity (Vph) dispersion curves for a 1.2 mm thick steel plate from which the wavenumber k is obtained (k=oYVph) and Figure 3 (b) shows the excitability (E) curves for the same system. Because the point source excitation is of the complex form exp(iOJt), the resulting surface displacements are also complex quantities containing an imaginary component which is 90° out of phase with the real part. The imaginary component of w is preserved throughout the Huygens' model so the modulus of w is then the displacement envelope at any instant. Equation 2 gives the surface displacement associated with a continuous harmonic input. In practice an IDT is excited by a toneburst of finite duration and therefore finite bandwidth. This is incorporated into the model of the acoustic field from a point source by using Fourier decomposition to split the toneburst excitation into a sum of continuous wave excitation at different frequencies. The excitation and propagation of continuous waves at each of these frequencies are considered separately and the results are then superposed. At some time t after a toneburst has been applied, each frequency component is phase delayed by an amount exp(iOJt). In this way a matrix is obtained, the elements of which are the out Application of Huygens' Principle to lDTs
Having calculated the acoustic field due to a single point source, the prediction of the acoustic field from a complete lDT is straightforward, as it is just the superposition of the ax i-symmetric fields from each point on the transducer. Each of these point sources is weighted according to the area of transducer which it represents. The point sources may also be given different phases if the lDT has fingers driven out of phase with each other. An important consideration when modelling an lDT using Huygens' principle is what size of element to divide the lDT into. Experience has shown that each finger of the lDT needs to contain a single row of elements. Along the length of the finger, the size of each element must not be greater than one quarter of the shortest wavelength of waves which the IDT will excite.
The fundamental approximation inherent in the Huygens' model is introduced at this stage of the calculation, where it is assumed that the propagation of waves from each point is unaffected by the rest of the transducer. Although this is known to be incorrect, the validations will show that it is a reasonable first approximation for these type of lDTs, whose thickness is small compared with that of the structure. Figure 5 shows a typical rectangular lDT designed to excite waves with a wavelength of 2.4 mm' which corresponds to the Ao mode at 1.lMHz in 1.2 mm thick steel plate (see Figure 3) . In Figure 5 the left hand half of each image shows a grey scale plot of the real part of the displacement field, and the right hand half shows a greyscale plot of the modulus of the displacement field. Although the former enables individual wavecrests to be seen, the latter usually provides a clearer picture of the position of the acoustic field. Using Figure 5(b) shows the Huygens' prediction of the field from the complete IDT after the same excitation. The effect of this particular IDT is to generate a collimated beam of the Ao mode on either side of the transducer, whilst minimising the excitation of the unwanted So mode due to the wavelength selectivity of the IDT fingers. For transducers operating in the frequency regime below the AI cut off frequency, only the Ao and So modes are excited and a point is usually selected where neither mode is particularly dispersive, so that the characteristics of both modes are well understood. For this reason, such transducer fields are more easily examined using a continuous excitation model as shown in Figure 5 (c), which means the complete transducer field can be obtained from a single calculation. In general, the disadvantage of this approach is that although all modes are still excited, they are no longer visually distinguishable and because the excitation is single frequency, dispersion effects cannot be observed.
VALIDATION
Both the prediction of the acoustic field due to a point source and the complete Huygens' model of the acoustic field due to an lOT were validated against three dimensional FE models and experimental measurements. The predictions of the acoustic field due to a point source and the acoustic field due to an lOT show almost perfect agreement with the relevant FE models, but most important is the excellent agreement between the experimental measurements of the field from an lOT and the Huygens' model prediction of the same field. This indicates that the assumptions in the Huygens' model are justified for these IDTs. The key results are presented here.
Acoustic Field Due to a Point Source plate, but keeping the frequency thickness product at 1.0 MHz mm, the acoustic field was also verified experimentally. Using a conical acoustic emission transducer (similar to the NBS design [8] ) to apply a 10 cycle toneburst at 200 kHz to the plate and an identical transducer to receive the signal200mm away, the time trace shown in Figure 6 (d) was obtained. Again excellent agreement is obtained with the Huygens' model prediction shown in Figure 6 (c).
Acoustic Field Due to an IDT
A 12 finger IDT with a wavelength of 2.4 mm was bonded to a 1.2 rnm thick steel plate and excited with a 10 cycle toneburst at 1.1 MHz. Using an acoustic emission conical transducer, point measurements of the peak signal amplitude were taken at stations along the lines at 50, 100 and 150 mm from the IDT shown in Figure 7 (a). The same system was analysed using a time marching 3 dimensional FE model and the Huygens' model. The field prediction from the Huygens' model is shown in greyscale in Figure 7 7(e), (f) and (g) show the comparisons between the experimental measurements and the Huygens' model. Again, very good agreement is obtained.
EXAMPLES
Of more practical interest than the rectangular IDTs described above, are IDTs with curved fingers which can produce either convergent or divergent beams. It was the need to design such transducers which motivated the development of the Huygens' modelling software. Two example of these transducers are discussed in this section.
60° Radial Transducer
Work has been progressing on the design of integrated IDTs which have all round 360° "vision" of the surrounding structure. Figure 8(a) shows a typical sub-transducer, again designed to excite the Ao mode at 1.1 MHz in 1.2 mm thick steel plate. The complete transducer would have six such sub-transducers arranged in a circle with a common focus, the idea being that each sub-transducer would generate a uniformly diverging beam to interrogate the 60° sector of structure in front of it. Figure 8(b) shows the Huygens' prediction of the field from the sub-transducer. To investigate the beam divergence, an angular cross section is taken along the dotted line and plotted in Figure 8(c) , where a comparison with experimental measurements is also shown. The agreement is perhaps not as good as in the validation case, but this is thought to be due to uneven bonding of the experimental IDT. However, both results indicate that the beam is uniform over around 40° and not the required 60°; hence this particular transducer configuration was not suitable for the required purpose. Further work is in progress designing integrated lOTs which have a greater degree of overlap between the fields of their constituent sub-transducers.
90° Radial Transducer with Ouadrature Drive Svstem
The second example considers another radial transducer designed to produce a diverging beam. This time the structure was a 5 mm thick steel plate and the operating frequency was 85 kHz to excite the Ao mode with a wavelength of 20 mm. Because of the . . . larger scale, a more complex transducer was constructed, with fingers every quarter wavelength driven from a 4-phase supply with a 90° phase difference between adjacent fingers, as shown in Figure 9 (a). This was designed to make the transducer excite waves only in the (desired) forward direction, unlike the other IDTs described earlier, whose 2-phase drives cause them to excite waves in both the forward and backward directions. 
CONCLUSION
The development of a Huygens' model for predicting the acoustic Lamb wave fields from PVDF IDTs has been described. The model is about 3 orders of magnitude faster than an FE model of the same system, but has the same if not greater accuracy. Both models ignore secondary interactions between waves in the structure and the transducer, an assumption which has been justified experimentally for use with the IDTs described here.
